One is a common downhole method with the source at the ground surface and the receiver in the downhole, and the other is a technique called suspension method in which both the source and the receiver are on the single sonde in a borehole. P-wave and S-wave velocities are compared between these test results using the same borehole.
INTRODUCTION
Seismic methods have been carried out to evaluate in-situ dynamic soil properties, such as Young's modulus and shear modulus as well as damping ratio, by measuring P-and S-wave velocities and the amplitudes of these waves. Although there are many techniques to measure the in-situ P-and S-wave velocities, downhole method and suspension method have been most often conducted in Japan.
In the downhole method, the wave is generated at the ground surface and it is received in the borehole at different depths. This method is one of the most popular techniques because of its simplicity and low cost (Auld 1977; Imai 1977; wood 1986) . A P-wave is generated by hitting the ground surface vertically while a S-wave is generated by striking a plank horizontally with a wooden hammer as shown in Fig. l . Both wave velocities are calculated by measuring the traveling time at the receiver in the borehole at the various depths.
Suspension method is relatively new compared with the downhole method. Details of the method used have been presented elsewhere (Kitsunezaki 1980 and 1983) . Fig. 2 shows a revised sonde of the suspension PS-logging (Oyo, 1988) . Two geophones and vibration source are built in a single sonde. An excitation force is applied to the sonde suspended in the borehole fluid and the travel times of both waves are measured by both the upper and lower geophones. This method is especially effective for the cases where wave generation cannot be conducted at the ground surface and where SlN ratio(signal to noise ratio) cannot be improved.
Besides, the waves with high frequency are operated in the method, so that quick measurement and less effects of the ground vibration are expected. Meanwhile, the waves are transmitted in the borehole liquid, in which the vibration force is applied in the horizontal direction, so that P-and 5-wave velocities beyond the groundwater level are not capable of measuring in the ground.
Although these PS-logging methods have been widely conducted in order to evaluate P-and S-wave velocities, comparative studies of downhole method with suspension method are relatively few ( Kokusho 1986; Ohya 1986 ).
It is also important to investigate a correlation of these properties obtained from in-situ measurements with properties observed in laboratory tests. For the response analysis of the ground vibration due to earthquakes or other vibrating foundations, it is important to evaluate in-situ condition on material properties. These properties strongly affect the nonlinear response analysis of ground and foundations (Schnabel et. al. (1972) and Otani (1990) ).
The purpose of this paper is to compare the elastic wave velocities using downhole and suspension techniques. In addition, the correlation of the in-situ measurements with laboratory test results, such as cyclic torsional shear and ultrasonic pulse tests, is also investigated.
SUMMARY OF MEASUREMENTS
The soil profile at the investigation site located in Chiba Prefecture, which was diluvial deposit shown inFig, 3, consists of layered loams of volcanic cohesive soil underlain by layered sandy soils. The groundwater level was 11 meter from the ground surface.
Two different seismic methods was carried out using the same borehole at the site. One is a downhole method, in which both P-and S-wave velocities are obtained by measuring the traveling time at the receiver in the borehole at various depths.
In addition, another borehole of one meter depth was also used in order to obtain a Q-factor of damping characteristic by measuring the damping of S-wave. The Q-factor was obtained by the difference of the amplitudes at these two boreholes and, here, the geometrical damping was excluded from the total damping characteristic.
The other i s suspension method. In this method, as mentioned before, the waves are transmitted the borehole liquid, in which one vibration source and two geophones are built in a single sonde. The P-and S-wave velocities are obtained by measuring the vertical and horizontal components of the vibration, respectively using these two geophones. It is noted that these velocities cannot be measured for the depths of less than 12m because of the unsaturated condition above the groundwater level. 
RESULTS AND DISCUSSIONS
Soil profile at the investigation site and the results of both downhole and suspension methods are summarized in Fig. 3 . Loam deposits extended to a depth o f approximately 6m from the ground surface. The N-value (obtained by Japanese Standard of SPT with hammer weight of 63. 5kgf, falling height of 75cm and effective penetration of 30cm) was approximately 3 in this deposit. For the ground beneath the loam deposits, different types of sand deposits were observed. These sand deposits are classified as diluvial deposits, in which the N-values vary between ten to fifty.
In the PS-logging tests, travel times were obtained by means of observing the wave forms. These are shown inFigs. 4 and 5 for both the methods, respectively. P-and 5-wave velocities are calculated by using the distance and time of the traveling waves. For the downhole method, although it is commonly determined the average S-wave velocity, the velocity in every lm depth was also calculated for the purpose of the comparison with the results of suspension method. S-wave velocity was calculated by using time-distance curves shown inFig. 6(a) in each depth. Because of using the plank hammering method for generating the Swave, the frequency of the wave is relatively low, approximately 40 -50 Hz. Therefore, the origin of the wave is not clear and an artificial error occurs in the measurements of the travel time. Besides, it seems that this error affects strongly for high value of Swave velocity. Thus, in order to minimize this error, the average value of S-wave velocity in each selected intervals determined by using mean gradient of the time-distance curve was obtained. For the measurement of P-wave velocity, the average value was also obtained. The distributions of average values of S-wave velocities in the ground are shown in Fig. 6(b) with the velocities at every lm depth. The difference between these two results is large as the value of the velocity becomes large. The same results for the suspension method are shown inFig. 7(a) and (b). According to the results shown in Fi g. 7(b), the average value of S-wave velocities gives more precise distribution of the wave velocity compared to the results by the downhole method. In addition, the Swave velocity generated by suspension method is closely related to a distribution of N-value of the ground. Fig. 8 shows the comparisons between both average values of P-and S-wave velocities from both downhole and suspension methods, respectively. P-wave velocity by suspension method agrees with that by the downhole method for the depth of more than 15m. On the other hand, S-wave velocity by suspension method makes precise subdivision possible compared to the use of the wave velocity by downhole method because the wave velocity by suspension method is well correlated to the distribution of N-value in the ground. The correlation between both the average S-wave velocities by downhole and suspension methods is plotted inFig. 9. There are some variations among these results. But both velocities agree fairly well in each other. The correlation of S-wave velocity in every lm depth in the ground by downhole method with that by suspension method is also shown inFig. 10. Although there is also some scatter in the figure, the correlation by using the velocities in every lm depth is admitted to the same trend. When the same form as Eq. (1) Fig. 12 . This damping includes both geometrical and material dampings. The amplitude decreases quickly to that of 10% at the depth of lOm and even to the value of 1 % at the depth of 30m. In order to calculate the Q-factor, the damping of each frequency component is obtained by spectrum analysis of the traveling wave as shown in Fig. 12 . The distributions of the first dominant frequency as a function of depth are shown in Fig. 13 . The dominant frequency measured in each depth of the borehole decreases as the depth increases, but it stays around b2Hz at the fixed point in the shallow monitoring borehole. Q-factor was obtained by using the logarithmic value of the ratio between both the frequencies at two boreholes by subtracting the geometrical damping. The internal damping of soil is plotted against frequency as shown in Fi g. 14. The damping factor h is related to the. Q-factor as h=1/(2Q)--- It is noted that the radiation damping is calculated by the density of the soil, S-wave velocity and the traveling distance under the assumption of the homogeneous condition for the multi-layered ground. When dynamic response of ground vibration is analyzed, the average damping value in each layer or total ground is indispensable (Qtani 1990; Schnabel et al. 1972) . Fig. 14(a) shows the average value of damping characteristic for depths of 7 -30m. The Q-factor in each frequency is distributed between 18 and 28 and the average value is 21. 7 while the damping factor h is 2.3%. Fig. 14(b) shows the same average value at the depth of 7 -14m and these values vary from 2 to 120 against change of frequency. According to these results shown in Fi g. 14, the in-situ damping characteristic is affected by the investigated subdivision of the ground. Considering the condition of in-situ measurements of dynamic soil properties, these in-situ dampings may be evaluated as the values at the small strain level.
For the laboratory dynamic tests, undisturbed samples of loam and sand were obtained at the same site where the PSlogging tests were conducted. Sampling was carried out by using triple tube sampler (Mori 1986 ) in order to obtain the high quality samples. Both cyclic torsional shear and ultrasonic pulse tests were carried out using these undisturbed soils. In the torsional test, the hollow samples were 1Ocm in height, 3cm inside diameter, and 7cm outside diameter.
The test was conducted after isotropic consolidation and the confining pressure was chosen as the same value as the effective overburden pressure at the site. A sinusoidal wave was applied with the frequency of 1. 0Hz and the amplitude of the wave changes from infinitesimal strain level (y1.Ox10-5: loam and?6.
Ox 10-6: sand) to a large strain level in every 11 cycles. Fig. 15 shows the variations of the shear modulus G and the damping factor h against the various strain levels based on these two kinds of undisturbed soil samples. The shear modulus of sand at the small strain level is obviously large compared to that of loam. For the variation of the shear modulus due to the strain level, it is quickly decreased for sand while that for loam shows not much difference.
The damping factor h at the small strain level for both sand and loam are relatively close to each other, but the damping of sand is approximately twice as large as that of loam for increasing the strain level. This damping factor at small strain level based on the laboratory tests is as small as less than 1. 0% and this is much smaller than that by using Q-factor based on in-situ measurements.
The ultrasonic pulse test was also conducted using triaxial cell and the traveling waves in the specimen were observed by ultrasonic transducer at the bottom of the specimen. The details of the test method have been discussed by Kokusho (1986) . The results of the ultrasonic test are summarized in Table 1 with the physical properties of the undisturbed soil specimen. It is assumed that these results be almost the same values as those of in-situ tests. It is noted here that the ultrasonic test be available for the soil with the characteristic of relatively small radiation damping because of the restriction of the force amplitude.
The 
CONCLUSIONS
The P-and S-wave velocities were measured by not only downhole method but also suspension method using the same borehole at the site. These in-situ values were compared with the results obtained from laboratory.
The conclusions drawn from the discussion in the present paper are summarized as follows: (1) Although the frequency of S-wave in the downhole method is relatively low (approximately 40-50Hz), when the average value of the velocities generated by downhole method is taken into account, it agrees with that obtained by suspension method.
(2) The distribution of S-wave velocity in every lm depth based on the suspension method is well correlated with that of Nvalue in the ground. The suspension method is more accurate than the downhole method because of using high frequency of the waves. Therefore, more accurate dynamic response analysis of the ground can be conducted by using these results based on the suspension method. But the wave velocity above the ground water level cannot b e measured by suspension method. It should be mentioned here that direct application of these results to the other fields will required further research. (3) Shear modulus at small strain range (y s 1. Ox 10-5) GO obtained by both cyclic torsional shear and ultrasonic pulse tests are in good agreement. However, the in-situ value is slightly larger than that in the laboratory. (4) Damping factor h obtained by in-situ measurement is larger than that in laboratory tests at small strain range (y1.0x105), so that this difference should be taken into account when the damping ratio by laboratory test is applied in the response analysis. (5) More precise nonlinear response analysis of the ground vibration can be achieved by using dynamic soil properties based on the suspension method with the same procedure as linear equivalent method by Schnabel et. al. (1972) . 16 Correlation of shear modulus at infinitesimal strain level between laboratory and in-situ tests.
